ABSTRACT An enormous amount of naturally occurring genetic variation affecting development is found within wild and domesticated plant species. This diversity is presumably involved in plant adaptation to different natural environments or in human preferences. In addition, such intraspecific variation provides the basis for the evolution of plant development at larger evolutionary scales. Natural phenotypic differences are now amenable to genetic dissection up to the identification of causal DNA polymorphisms. Here we describe 30 genes and their functional nucleotide polymorphisms currently found as underlying allelic variation accounting for plant intraspecific developmental diversity. These studies provide molecular and cellular mechanisms that determine natural variation for quantitative and qualitative traits such as: fruit and seed morphology, colour and composition; flowering time; seedling emergence; plant architecture and inflorescence or flower morphology. Besides, analyses of flowering time variation within several distant species allow molecular comparisons between species, which are detecting homologous genes with partly different functions and unrelated genes with analogous functions. Thus, considerable gene function differences are being revealed also among species. Inspection of a catalogue of intraspecific nucleotide functional polymorphisms shows that transcriptional regulators are the main class of genes involved. Furthermore, barely more than half of the polymorphisms described are located in coding regions and affect protein structure, while the rest are regulatory changes altering gene expression. These limited analyses of intraspecific developmental variation support Doebley and Lukens´s proposition (1998) that modifications in cis -regulatory regions of transcriptional regulators represent a predominant mode for the evolution of novel forms, but await more detailed studies in wild plant species.
for the domestication and genetic improvement of more than 100 plant species (Diamond, 2002) by applying directional selection on multiple aspects of plant development. In this way, varieties adapted to agricultural environments and with increased yield have been generated for many cultivated plant species of interest as human food or ornament.
A major challenge of current biology is to understand the genetic basis and molecular mechanisms of all this naturally occurring developmental variation at the nucleotide, protein and cellular level. This analysis has begun only recently thanks to the availability of whole genome sequences, which allow the development of genomic tools aimed to identify gene functions and the mechanistic basis of phenotypes in model plant species like Arabidopsis thaliana (Arabidopsis hereafter) and rice. Gene functional studies are providing candidate genes that might contribute to interspecific diversification and evolution of plant development (so-called "evo-devo"), which are investigated in broad comparative phylogenetic developmental studies (reviewed in Cronk, 2001; Shepard and Purugganan, 2002; Irish and Benfey, 2004; Kellogg, 2004) . In contrast, intraspecific variation can be currently dissected by genetic analysis, which identify the actual genes and nucleotide polymorphisms causing the observed diversity. Thus, the analysis of natural intraspecific variation is delivering: first, the genes involved in microevolution of developmental processes and in plant adaptation through developmental modifications. Secondly, the precise alleles and functional nucleotide polymorphisms causing natural variation, which allow the elucidation of the molecular mechanisms changing and differentiating gene functions during evolution within species. This information extends our current concept of gene function, which is mainly based on the characterization of a single natural "wild type" allele of a species. Studying the effects of different natural alleles in a context depending on genotype, environment and evolutionary temporal scale provides a more realistic and dynamic perspective of gene function (or effect) (Tonsor et al., 2005) .
In this review we summarize current molecular studies of Cultivated varieties of common bean differ quantitatively or qualitatively for the following traits: growth habit, which ranges from indeterminate climber to determinate postrate (A); morphology of leaves, leaflets and petioles (B); flower colour and pedicel length (C); size, shape and colour of fruits (D); size, shape and colour of seeds (E). Plants were grown together and samples were collected from comparable nodes, at the same age; pictures in each panel are at the same magnification.
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naturally occurring developmental variation within plant species, or among closely related species amenable to genetic analysis by interbreeding. We define natural variation in a broad sense as phenotypic variation caused by spontaneously arisen genetic polymorphisms that are maintained either by natural or human selection. Thus, we include variation: within wild species; within domesticated species; and between domesticated species and their wild relatives and ancestors. We briefly report prevailing methodologies to dissect genetic intraspecific variation and describe the first genes and nucleotide polymorphisms that have been recently discovered underlying developmental variation in wild and domesticated species.
Natural intraspecific diversity of plant development
Variation in cells, organs and structures of the plant body. Plant developmental traits, defined merely as the morphological and colour features that are determined by cell division, expansion and differentiation throughout the plant life cycle, include an enormous set of variable traits. When different natural genotypes of the same species are directly compared, heritable variation is observed for the number, size, shape, distribution or colour of particular cell types, such as trichomes and stomata (Hausser et al., 2001; Sun et al., 2003) , or tissues like vascular ones (Candela et al., 1999) . Large variation is also detected for the size, shape, number, organization and colour pattern of the basic plant organs (roots, leaves and stems) and of more complex structures (flowers, fruits and seeds). In addition, considerable differences are found for the number, distribution and activity of meristems, which determine the number and length of lateral branches and inflorescences, the architectural growth pattern and the different types of growth habit like the degree of erectness and determinacy. An endless list of intraspecific genetic differences have been recorded and classical examples in wild species are described by Griffiths and Gaders (1983) , Linhart and Grant (1996) and Briggs and Walters (1997) or in domesticated and ornamental plant species by Darwin (1883 and 1884) . Figures 1 and 2 illustrate some of the commonest developmental differences observed in Arabidopsis thaliana and Phaseolus vulgaris, a wild and a domesticated species respectively.
Naturally occurring size and shape differences in particular organs or structures such as roots (Beemster et al., 2002; Mouchel et al., 2004) , leaves (Pérez-Pérez et al., 2002; Tsukaya et al., 2002) , seeds (Alonso-Blanco et al., 1999; Doganlar et al., 2000) , or carpels and fruits (Tanksley, 2004) have been associated with variation in cell size and number. Detailed dynamic analysis of growth parameters like for instance root elongation in Arabidopsis (Beemster et al., 2002) shows that natural genetic variation affects cell expansion and cell production and that genetic differences in cell production affect cell cycle duration and the number of dividing cells. Cell production has been associated with cyclindependent kinase A (CDKA) amount and activity, suggesting that differences in expression, protein stability and other molecular regulatory mechanisms of CDKA activity contribute to root growth differences. Furthermore, differential effects of hormones such as auxins, brassinosteroids or gibberellins on the development of particular organs like adventitious roots or hypocotyls, have been also reported in different natural genotypes of Arabidopsis (King and Stimart, 1998; Maloof et al., 2001; Borewitz et al., 2002) . Therefore, natural genetic differences of growth parameters affect a wide range of cellular mechanisms, including the morphogenic regulatory effects of plant hormones.
Variation for the temporal regulation of development
Plant development occurs continuously throughout the life cycle and variation among genotypes is also found for its temporal and ontogenetic control. This includes genetic differences for growth rate, initiation rate of particular organs like leaves (socalled plastochron), or for the duration or average age of organs and structures . Moreover, differences are commonly reported for the timing of certain developmental processes, such as those involved in the ontogenetic changes associated with heteroblasty, anther or fruit dehiscence, or sepal and petal abscission (Pérez-Pérez et al., 2002; Tsukaya, 2002) . Specially interesting is the variation for the timing of major developmental transitions such as germination or flowering initiation ( Figure 2A ) because they establish the duration of the main developmental phases along the life cycle (growth arrest phase during seed dispersion, vegetative growth phase and reproductive growth phase). Such genetic variation determines the life habit of plants, particularly in monocarpic species, which can be classified in perennial, biennial or annual depending on the duration of their vegetative phase. Different varieties have been described in many wild and domesticated species with extreme life habits varying from perennial to biennial, from biennial to annual, or from winter annual (annual plants growing vegetatively during winter) to summer annual (annual plants that germinate at the end of winter or later) (Briggs and Walters, 1997; Koornneef et al., 2004) . Polycarpous plants also show genetic variation for the duration of developmental phases, as described for instance for the length of the flowering period in the short-lived perennial Fragaria vesca (Albani et al., 2004) , the timing of vegetative bud set in Populus (Frewen et al., 2004) , or the timing of the first blooming in tree species (Hacket, 1985; Martin-Trillo and MartinezZapater, 2002) . The latter defines the duration of the so-called juvenile vegetative phase of woody plants and it is associated with changes in vegetative development such as foliar form, density of thorns or branch features.
Variation for the environmental regulation of development
The expression of many developmental traits depends on the environmental conditions, which defines the unique plant developmental plasticity, i.e. the capacity of a genotype to express different phenotypes depending on the environment. Environmental factors affecting plant development include all kind of abiotic signals such as light, temperature, wind, humidity, water availability or nutrient resources as well as most biotic components of the surrounding environment from pathogens to competitors (Tonsor et al., 2005) . Environmental context-dependency has been found for many of the developmental traits pointed above and for the temporal control of phenological features (Sultan, 2000; Casal et al., 2004) . In addition, intraspecific genetic variation for the plasticity of developmental traits in relation to particular environmental factors has often been detected by testing genotype by environment (G x E) interactions (Sultan, 2000) . Considerable variation has been found for instance, for shoot and root developmental changes related with nutrient and water availability (Malamy, 2005) , or for the light regulated model plastic response so-called shade avoidance syndrome (reviewed in Schmitt et al., 2003) . In the latter, plants respond to crowding and vegetation shade with heterophyllic changes such as petiole and leaf elongation, increased main shoot elongation, lateral shoot suppression and earlier flowering. It is suggested that genetic variation for these plastic responses reflect local adaptation to different heterogeneous environments (Schmitt et al., 2003) .
Genetic control of natural variation
Some developmental polymorphisms found among natural genotypes of the same plant species correspond to qualitative dimorphisms, like for instance: the clock-/anticlock-wise coiling of pod fruits and the leaf colour pattern of Medicago truncatula (Thoquet et al., 2002) ; the actinomorphic/zygomorphic flowers differing between naturally occurring peloric and wild type forms of Digitalis, Antirhrinum or Linaria (Cubas et al., 1999a; Rudall and Bateman, 2003) ; the discoid or rayed capitulum inflorescence morphologies of composite Senecio species (Anderson 2001); the determinate/indeterminate inflorescence growth found in common bean and cucumber cultivars (Park et al., 1999; Fazio et al., 2003) ; the presence/absence of trichomes and the early/late flowering found in some Arabidopsis accessions (reviewed in Koornneef et al., 2004) ; the plastic response of flowering initiation in relation to photoperiod in some rice varieties ; or the seasonal/perpetual flowering of the short-life perennial Fragaria vesca (Albani et al., 2004) . Such discrete differences are often under monogenic or digenic control and have been studied by classical Mendelian genetic analysis (Figure 1 A, C and E). However, most naturally segregating developmental traits show a continuous quantitative phenotypic distribution within a species, i.e. they are quantitative traits (Figures 1 and 2 ). Continuous patterns of variation are determined by the combined effects of environment and several segregating genes and therefore are under multigenic control (reviewed in Barton and Keightley, 2002) . Only in the past 15 years routine protocols have been developed to genetically identify and characterize the loci contributing to a quantitative trait, referred to as quantitative trait loci (QTL).
In addition to the qualitative and quantitative variation visible by direct comparison of genotypes, a large amount of hidden genetic variation is detected as trangressive segregation in crosses between different genotypes of wild or domesticated species (Rieseberg et al., 2003a) . Further hidden genetic variation can be found by comparing allele effects in different genetic backgrounds, which reflects the importance of genetic (epistatic) interactions in plant development. Such genetic-context dependency of gene effects is illustrated with the appearance in Arabidopsis of a "cauliflower like" phenotype when introgressing the ap1 allele from one wild background into another (Kempin et al., 1995) . Similar differences have been also shown for the expression of the self-incompatibility (SI) trait in the self-fertile species Arabidopsis thaliana (Nasrallah et al., 2004) . In this case, the authors disclosed interesting variation at SI modifier genes when introducing by transgenesis the S-locus recognition genes from the self-incompatible A. lyrata.
In the following section we summarize current methodologies to identify the loci, the genes and the polymorphisms underlying qualitative and quantitative developmental variation.
Analysing the genetic and molecular basis of natural developmental diversity in model and non-model organisms
Forward analysis: genetic and genomic tools for QTL mapping and cloning
Quantitative genetic analysis of experimental segregating populations derived from intra-or inter-specific crosses allow the genetic dissection of developmental differences. For that, phenotypic and genotypic data obtained from the same population are statistically compared to identify QTLs causing variation (reviewed in Doerge, 2002) . Such analyses aim to determine the genetic architecture of traits including: 1) the number of loci affecting a trait; 2) their approximate genome map position within a confidence genetic interval ranging from 5 to 50 cM (which corresponds to 1.2-12 Mb of DNA in small genomes like that of Arabidopsis or rice, up to the 9-90 Mb or 25-250 Mbs for the large genomes of maize and barley respectively); 3) estimates of relative and absolute additive effects and the mode of action of individual QTLs; 4) detection of significant genetic (epistatic) interactions among QTL and estimation of their effects; 5) detection of significant QTL by environment interactions. The latter information can be obtained when a trait is analysed in the same population grown in different environments and will identify QTLs accounting for variation for developmental plasticity. 6) Finally, detection of putative pleiotropic effects of QTLs on various traits, which can be hypothesized by comparative QTL mapping of several related or unrelated traits analysed on the same mapping population.
QTL mapping analyses are facilitated by current marker technologies that provide an almost unlimited number of molecular markers for the construction of genetic maps. In addition, genetic and genomic resources including permanent mapping populations of recombinant inbred or doubled haploid lines, marker/ polymorphisms databases and high-throughput genotyping technologies exist for many plant species (Borevitz and Nordborg, 2003; Borevitz and Chory, 2004; Koornneef et al., 2004) . QTL mapping studies are not limited anymore to crop species such as maize (Stuber,1995) , tomato (Tanksley, 2004) , rice , or wheat Yan et al., 2004a) where the theoretical framework of QTL mapping was derived (Tanksley, 1993) , or model wild plants like Arabidopsis thaliana (AlonsoBlanco and Koorneef, 2000; Koorneef et al., 2004) and Medicago truncatula (Thoquet et al., 2002) . QTL mapping has become a routine analytical tool in plant genetics and progresses and caveats for the analysis of wild and domesticated species have been reviewed elsewhere (e.g. Kearsey and Farquhar, 1998; Mauricio, 2001; Erickson et al., 2004) . Developmental traits have been dissected in a wide range of species including for instance: leaf features in the European beech tree (Fagus sylvatica L.) (Scalfi et al., 2004) or the pasture legume Stylosanthes scabra (Thumma et al., 2001) ; branching pattern in cassava (Manihot esculenta Crantz) (Okogbenin and Fregene, 2003) ; wood properties in loblolly pine (Pinus taeda L.) (Brown et al., 2003) ; or growth traits in Douglas fir (Pseudotsuga menziesii Mirb.) (Jermstad et al., 2003) and chestnut (Castanea sativa Mill.) (Casasoli et al., 2004) . Broader genetic variation has also been analysed in interspecific crosses aiming to identify the genetic basis of plant domestication and plant diversification and speciation. Important contributions include the pioneering and extensive analyses of maize plant and ear architectures (Dorweiler et al., 1993; Doebley, et al., 1997; Lauter and Doebley 2002; Doebley, 2004) and of tomato fruit and seed morphologies (Doganlar et al., 2000; Friedman et al., 2004; Tanksley, 2004) . Recent studies further show the extended power of QTL mapping as illustrated with the analysis of developmental traits related with domestication of wheat species (Faris et al., 2003; Peng et al., 2003) ; morphological traits related to ecological divergence of sunflowers (Rieseberg et al., 2003b) ; fibre characteristics in Gossypium (Paterson et al., 2003) ; leaf and flower features in Rhododendron (Dunemann et al., 1999) , Rosa (Crespel et al., 2002) and Linaria hybrids (Tsiantis and Hay, 2003) ; bud setting and flushing in Populus (Frewen et al., 2004) ; floral traits in relation to mating system in Lycopersicon (Chen and Tanksley, 2004) , Mimulus (Bradshaw et al., 1995; Lin and Ritland, 1997) and Iris species (Mauricio, 2001) ; or microsporangium number in Microseris (Gailing and Bachmann, 2003) .
In contrast to the feasibility of QTL mapping studies, zooming into naturally segregating loci (of quantitative or qualitative effect) to find their molecular bases is not straightforward and lags far behind. The identification of genes underlying QTLs is referred to as QTL cloning. This requires first, the fine mapping of QTLs to smaller regions spanning a reduced number of candidate genes. Thereafter, several functional genomic strategies can be applied to find the precise gene and the nucleotide polymorphisms affecting gene function, here referred to as functional polymorphisms (reviewed in Borevitz and Nordborg, 2003; Borevitz and Chory, 2004; Koornneef et al., 2004) . QTL candidate genes within a restricted DNA segment may be selected based on: 1) gene functions predicted in genome sequences; 2) phenotypic analysis of mutants available in public collections or newly generated; 3) transcriptomic analyses; 4) association studies of DNA polymorphisms in candidate genes (described in the following section); 5) association analyses of nucleotide polymorphisms linked to QTL by using linkage disequilibrium mapping; 6) genetic complementation in transgenic plants. These approaches are powerfully improved by the resources derived from genome projects in model plant species (reviewed in Borevitz and Ecker, 2004) . Such resources include genomic and expressed sequence tag databases; sequence polymorphism databases (Bazin et al., 2005) ; whole genome collections of full-length cDNA; large sets of knockout mutants available in T-DNA, transposson or TILLING services (Henikoff and Comai, 2003) and whole genome arrays. The latter is enabling RNA expression analyses at the genome level (Schadt et al., 2003) , which is a particularly promising approach to characterise developmental QTLs since transcriptional regulation is a major component of developmental variation. In this way, cis-and trans-regulatory elements affecting gene expression, so-called expression QTLs (eQTL) can be studied in relation to particular developmental differences (Kirst et al., 2004) .
The molecular bases of naturally segregating loci have been (Morgante and Salamini, 2003; Paran and Zamir, 2003) . Current plant genetic models are the domesticated species rice, maize, tomato, Brassica rapa or Populus trichocarpa and the wild plants Arabidopsis thaliana and Medicago truncatula. However, other wild species chosen because they belong to phylogenetically distant families and genera such as Mimulus, Aquilegia or Selaginella are becoming genetic systems (Borevitz and Ecker, 2004) and new ones will join in the near future (Feder and Mitchell-Olds, 2003) . These species show different life habits, they are ecologically wide spread and they contain considerable developmental intraspecific and/or intragenus variation amenable to dissection by forward genetic analysis. It is expected that the exploitation of these model organisms will provide an unprecedented frame for the molecular analysis of natural developmental diversity.
Reverse analyses: association studies with candidate genes
To identify genes and polymorphisms determining natural variation, research can be focused on specific selected genes. To this end, it can be directly evaluated if natural molecular variation might be associated with phenotypic variation. Essentially, the effect of nucleotide polymorphisms detected in multiple alleles segregat-ing among different natural or domesticated populations may be statistically tested in so-called association analyses. These studies mainly require gene sequencing and phenotypic analyses, which can be easily applied on model and non-model species. Such approach is particularly straightforward in plant species closely related to model systems because DNA sequence information and genomic resources might be easily transferred due to the relative low divergence. In addition, association analyses require taking into account the genetic structure of the population of genotypes that are compared by including neutral molecular markers. The potential usefulness of these studies has been shown with the maize Dwarf8 gene where 9 polymorphisms spanning a 3.6 kbs region were associated with flowering time and suggested a causal relationship (Thornsberry et al., 2001) . Genes can be selected based on their function known from previous mutant or natural variation studies. This is illustrated with the association analyses performed in Arabidopsis with the GL1 gene involved in trichome development (Hauser et al., 2001 ) and the CRY2, FRI and FLC flowering time genes (Caicedo et al., 2004; Hagenblad et al., 2004; Olsen et al., 2004) . These studies can also be performed to test candidate genes underlying a QTL, as shown with the association of the COL1 gene of Brassica nigra with flowering time (Österberg et al., 2002) . It is expected that large-scale association analyses with sets of selected genes affecting a particular trait will allow the detection of putative genes accounting for natural intraspecific variation. However, formal demonstration of functional and phenotypic effects of the genes and polymorphisms significantly associated will require further experimentation.
Molecular basis of natural allelic variation affecting plant development
In the past ten years, the strategies described above have been applied to dissect genetically several developmental traits up to the identification of the causal gene and the functional nucleotide polymorphism. The gene and nucleotide polymorphism underlying a QTL are often referred to as QTG (quantitative trait gene) and QTN (quantitative trait nucleotide) respectively. However, this nomenclature should not reflect a simplistic molecular view of naturally segregating loci. This is illustrated with the identification of clusters of small gene families corresponding to a single QTL affecting a physiological trait (Kroymann et al., 2003) and to the qualitative effect I locus controlling seed colour in soybean (Tuteja et al., 2004) . In these cases, several tandem repeated genes contribute to the phenotypic effect and may interact genetically. In addition, changes in gene function underlying a naturally segregating locus might often not be assigned to a single nucleotide, but to several polymorphisms acting in an additive or interacting manner. This has been shown in Drosophila by association analysis, where an aminoacid polymorphism and two polymorphisms in non-coding regions of the Dopadecarboxilase gene interact epistatically to affect fly longevity (De Luca et al., 2003) . Currently, about 30 genes have been involved in natural variation for particular developmental processes in different plant species (see Table 1 ). Most studied genes affect quantitative traits, although their allelic variation shows large discrete phenotypic effect. Extensive systematic studies have been performed on two developmental aspects, flowering time and fruit morphology and composition, which have become model quantitative traits. Flowering time has been thoroughly analysed in several species of two plant families. In contrast, fruit traits have been mainly studied in tomato related species and some other Solanaceae. Furthermore, the molecular analysis of other morphological traits has begun in several other species. Here we describe the genes and functional nucleotide polymorphisms presently identified, classified according to their main developmental effect.
Fruit and seed variation in Solanaceae and other species
Fruit morphology and composition have been dramatically modified during tomato domestication from its wild ancestor, to increase fruit yield. Numerous quantitative genetic analyses have been carried out to identify the loci that account for fruit morphological differences observed within and between Lycopersicon species (reviewed in Tanksley, 2004) . Comparative studies involving multiple crosses indicate that around 30 loci are enough to explain most fruit morphological diversity. The genes underlying two of these loci, FW2.2 and OVATE, have been isolated, both revealing novel proteins with limited homology to previously known proteins Liu et al., 2002) . FW2.2 affects fruit size and encodes a transmembrane protein that negatively regulates cell division during the early stages of fruit development. The precise mutations that affect fruit size remain unknown, but detailed sequence and expression analyses indicate that these are not protein changes and that they modulate the level and timing of transcript expression. Thus, it has been suggested that one or several of eight nucleotide polymorphisms found in FW2.2 promoter region are regulatory polymorphisms . OVATE affects fruit shape and encodes a nuclear localised protein that is speculated to negatively regulate carpel and fruit growth . All pear-shaped or elongated tomato varieties carry the same loss-of-function allele generated by a nucleotide substitution resulting in a premature stop codon. In addition, QTLs affecting fruit size and shape have been mapped around the genetic positions of orthologous genes in eggplant and pepper. Therefore, it has been suggested that these two genes may account for the variation in other Solanaceae species (Tanksley, 2004) .
On the other hand, tomato yield related traits have been dissected using a genome-wide population of introgression lines derived from the highly divergent interspecific cross Solanum lycopersicum x S. pennellii (Fridman et al., 2004) . In this way, more than 25 loci have been identified affecting fruit sugar content. Among those, only Brix9-2-5 has been molecularly studied and it encodes the flower and fruit specific invertase LIN5. Functional analysis of Brix9-2-5 allelic variation has demonstrated that a single aminoacid substitution nearby the catalytic site affects enzyme activity and sugar content (Fridman et al., 2004) .
Further natural diversity of fruit developmental characteristics is currently being analysed in other important crop species that belong to different taxonomical families such as Vitacea and Fabaceae. This is illustrated with the analysis of fruit and seed traits in grapevine, soybean and pea. Recently, the VvmybA1 transcriptional regulator has been found as a gene underlying variation for the colour of berry skins in grapevine (Kobayashi et al., 2004) . White-skinned varieties carry a homozygous 
A CATALOGUE OF NATURALLY SEGREGATING GENES AND FUNCTIONAL NUCLEOTIDE POLYMORPHISMS AFFECTING PLANT DEVELOPMENT
Some genes and polymor-phisms that do not contrib-ute substantially to the spe-cies phenotypic diversity (1) as well as those whose phenotypic effects have not been formally demon-strated (2) are also in-cluded. Source of varia-tion indicates whether the phenotypic differences studied are intraspecific (intra) or interspecific (in-ter). Size of plant draw-ings is proportional to the amount of molecular infor-mation currently available in each species. Subs: Substitutional mutation; Del: Deletion; Ins: Inser-tion; TE: Transposable el-ement; TF: Transcription factor; Indel: Complex si-multaneous insertion and deletion; -: Unknown poly-morphism.
retrotranposon insertion at the promoter region of VvMybA1, which leads to gene silencing. In contrast, red-skinned cultivars derived by bud mutation from white skinned ones are heterozygous for a reversion allele showing a transposable element (TE) recombination footprint. It is suggested that this moderately frequent white-skinned allele has a unique origin and was extensively spread throughout the cultivation area. Thus, natural variation for grape skin colour appears generated by TE insertion as well as reverted excisions.
A more complex molecular mechanism is speculated for the regulation of colour of soybean seeds (Tuteja et al., 2004) . Unlike wild soybean accessions, cultivated varieties have yellow seed coats that lack accumulation of anthocyanins. This difference is genetically controlled by the I (Inhibitor ) locus, which corresponds to a tandem inverted repeat of three chalchone synthase (CHS) genes. Dominant alleles at the I locus inhibit seed coat pigmentation by silencing the expression of CHS genes at other loci in a trans-dominant manner. Several spontaneous recessive i pigmentation alleles that release the trans-silencing mechanism have been found, which are associated with independent deletions within the I -CHS cluster. It is hypothesized that this trans-silencing effect is mediated by double stranded RNA (dsRNA) transcribed from the inverted repeat present at the I locus (Tuteja et al., 2004) . Derivative short interfering RNA (siRNA) would then trigger sequence specific RNA degradation and gene trans-silencing. Hence, domestication of soybean some 10.000 years ago involved the acquisition of such duplicated CHS silencing alleles, which illustrates the complex evolution of multigene families and clusters of tandem repeated genes.
At last, the classical pea R (RUGOSUS ) locus described by Mendel as affecting seed form has been also molecular characterised (Bhattacharyya et al., 1990) . This locus shows pleiotropic effects on sugar, lipid and protein composition of seeds and encodes a starch-branching enzyme (SBEI). The recessive r allele was caused by insertion of a transposon-like element in the coding sequence, which has been widely dispersed among European commercial cultivars since Mendel time due to the sweetness of wrinkled peas (Bhattacharyya et al., 1990) . This study exemplifies how metabolism can play a central role in plant development, since the R locus affects primarily starch biosynthesis and subsequently, seed composition, osmotic pressure, cell size and the final dry seed shape.
Flowering time variation in Brassicaceae and Poaceae species
The timing of flowering is an important adaptive trait because it synchronises reproduction with the most favourable season of the year for it. In addition, it is a plastic developmental feature since it is strongly affected by many seasonally-fluctuating environmental factors differing throughout the earth, such as photoperiod (daylength) and winter temperature (Koornneef, et al., 1998; Simpson and Dean, 2002; Hayama and Coupland, 2004) . The vast intraspecific genetic variation found for flowering time in wild monocarpic species is presumed to reflect adaptations to different environments. Furthermore, this trait has been genetically manipulated by human selection in many crop species to derive varieties locally adapted to different agricultural environments.
The regulation of flowering time is a relatively well known plant developmental process, mainly due to the study of artificially induced mutants in Arabidopsis. It has been shown that the differentiation of the apical meristem from vegetative to reproductive phase is determined by several meristem identity genes. A complex network of flowering induction pathways that integrate the signals from the various environmental factors, regulate the expression and function of meristem identity genes (Koornneef, et al., 1998; Simpson and Dean, 2002) . More than 80 genes have been involved in these pathways, either as promoters or repressors of flowering (or as repressors or promoters of vegetative development, respectively). Recently, large efforts have been focused to identify the molecular bases of natural variation for flowering time in the two main model systems, Arabidopsis and rice, as well as in crops species of Brassicaceae and Poaceae. Interestingly, all these plants differ in their flowering responses to environmental factors, which allows a comparative analysis of the mechanisms determining within and between species diversification.
Arabidopsis is a facultative long-day (LD) species because it flowers faster when grown under LD than short-day (SD) photoperiods. In addition, most late flowering wild genotypes of Arabidopsis accelerate their flowering when exposed to a long period of cold that emulate winter growth, so-called vernalization. However, wild genotypes of Arabidopsis differ in their response to both environmental factors. Analyses of 8 crosses derived between different Arabidopsis wild genotypes have identified a minimum number of 14 QTLs that contribute to its naturally occurring flowering variation (reviewed in Koornneef et al., 2004; Werner et al., 2005) . Six loci have been isolated using different strategies: FRIGIDA (FRI ) and
FLOWERING LOCUS C (FLC ) involved in the vernalization response; EARLY DAY LENGTH INSENSITIVE (EDI=CRY2 )
, PHYTOCHROME D (PhyD ) and FLOWERING1 (FLW1=FLM ) affecting the photoperiod response; the ENHANCER OF ELF4 (EEL=HUA2) locus affecting both responses (Table 1) .
The isolation of FRI and FLC has revealed two novel genes that operate as flowering repressors, the laboratory early flowering strains carrying natural loss-of-function alleles of them. FLC encodes a transcription factor belonging to the MADS box family and its expression is down-regulated by vernalization (Michaels and Amasino, 1999) . In contrast, FRI is a protein sharing no homology with previously known proteins that positively regulates FLC expression (Johanson et al., 2000) . Natural alleles of FRI and FLC interact synergistically to affect flowering and account for a considerable proportion of the flowering time and vernalization requirement variation found between summer and winter annual genotypes of Arabidopsis. At least eight putative null alleles of FRI have been described. One of them is caused by an indel in the promoter region, whereas 7 carry deletions in the coding sequence leading to in frame premature stop codons (Le Corre et al., 2002; Gazzani et al., 2003; Stinchcombe et al., 2004) . Some of these are rare alleles suggesting that they have been generated recently. However, the relatively high frequency of two deletion alleles (>10%) suggests that they are older. Unlike FRI, known dysfunction alleles of FLC are neither null nor frequent. Three loss-of-function alleles have been described, all of them resulting in lower FLC expression (Gazzani et al., 2003; Michaels et al., 2003) . Two of them have been shown to carry independent natural insertions of transposable elements in the first intron. Interestingly, the TE insertion of one of these FLC alleles has been shown to cause partial silencing through DNA methylation of the TE and histone methylation in the surrounding FLC region . These methylation events are mediated by siRNAs generated from homologous TE copies in the genome and presumably create an island of heterochromatin that reduces gene expression . Thus, differential mutational origin and geographic distribution of natural loss-of-function alleles at these two genes have contributed to the modification of vernalization responses in Arabidopsis.
In contrast to FRI and FLC, EDI and FLW1 were first detected as QTLs and their isolation has identified novel alleles of genes previously known to regulate flowering time (El-Assal et al., 2001; Werner et al., 2005) . In addition, the function of PhyD could be first established trough the analysis of natural variants (Aukerman et al., 1997) . PhyD behaves as flowering repressor while EDI =CRY2 functions as promoter, both encoding apoproteins of a red and a blue light photoreceptor, respectively. FLW1 encodes an FLC related transcription factor of the MADS family that also represses flowering. The novel natural alleles recently characterised in these three genes reduce flowering photoperiod sensitivity and exist at very low frequency, which suggests a recent origin or involvement in specific local adaptation. Loss-of-function alleles of PhyD and FLW1 have deletions of different size and dysfunction. Whereas a 14 bps deletion produces absence of PhyD protein (Aukerman et al., 2001 ), a 6.8 Kbs deletion removing the complete FLW1 transcribed region eliminates gene expression (Werner et al., 2005) . In contrast, a strong gain of function allele has been found at EDI=CRY2, which is produced by a single aminoacid substitution (El-Assal et al., 2001 ). An additional weak but frequent allele of CRY2 differing in 8 aminoacid substitutions has been suggested by association studies .
One last gene, HUA2, has been found contributing to flowering variation among Arabidopsis wild genotypes (Doyle et al., 2005) . HUA2 encodes a protein involved in RNA processing of several MADS box genes, such as FLC and FLM, which may explain its effects on both flowering responses to vernalization and photoperiod. A natural loss-of-function mutation has been found as an early flowering allele in one of the main laboratory wild-type strains (Doyle et al., 2005) . However, this allele has been only detected in some lines derived from the original wild genotype and therefore, it is unclear whether the mutation comes from a natural heterogeneous genotype or it was generated in the laboratory. Further analysis to identify this or other alleles in different wild genotypes is necessary to establish the contribution of HUA2 to the naturally occurring flowering variation of Arabidopsis. Nevertheless, the fixation of this allele in some laboratory stocks is probably caused by artificial selection during laboratory plant growth, illustrating the likely unintentional "domestication" of laboratory strains.
Genetic variation has also commonly found within other crucifer species such as Brassica sps, especially for the vernalization requirement to induce flowering. Phenotypic extremes corresponding to annual and biennial varieties have been used to map two flowering time Brassica rapa QTLs whose location overlap with FLC-like genes (Schranz et al., 2002) . Further expression analysis suggested that BrFLC genes contribute to the vernalization response variation through a molecular mechanism analogous to that described in Arabidopsis (Kole et al., 2001) . Similar comparative QTL mapping studies in B. nigra have suggested that the homologues of the Arabidopsis CO gene, BniCO and BniCOL1, might be involved in flowering variation. Association of a BniCOL1 polymorphic indel with flowering time differences further supported its contribution (Österberg et al., 2002) . Naturally occurring variation for flowering time has been also dissected in two domesticated Gramineae species, rice and wheat, differing in their flowering responses to photoperiod and vernalization. Rice is a facultative SD plant since it flowers earlier in SD than LD photoperiod conditions. In addition, it does not show vernalization response, which is in agreement with the absence in the rice genome of orthologues of several Arabidopsis genes involved in flowering induction by low temperature (Izawa et al., 2003) . Several QTL mapping analyses have been performed in segregating populations derived from intraspecific crosses between varieties of the two domesticated subspecies, Oryza sativa ssp japonica and O. sativa ssp indica and from interspecific crosses between those and some wild relative species such as O. glaberrima Doi et al., 2004) . Thus, at least 14 QTLs have been mapped affecting flowering and photoperiod response in rice. Four of these loci have been isolated, three of them, Hd1, Hd3a and Hd6, identifying respectively orthologues of the Arabidopsis CO, FT and CK2 genes known to participate in the regulation of flowering by photoperiod (Yano et al.,2000; Takahashi et al., 2001; Kojima et al., 2002) . In contrast, Ehd1 has revealed a B type response regulator without obvious orthologous gene in the Arabidopsis genome (Doi et al., 2004) . Natural null and loss-offunction alleles of these genes have been generated by deletion and TE insertion as well as by nonsense and missense mutations ( Table 1) . Analyses of these alleles show that Hd3a function as an activator of flowering that is up-regulated in SD conditions by Hd1 and Ehd1, while under LDs its expression is down-regulated by Hd1 and probably by Hd6 too. Functional comparative studies of these genes with those of Arabidopsis are deciphering the molecular mechanisms that distinguish the regulation of flowering by photoperiod in SD and LD plants (reviewed in Hayama and Coupland, 2004) . In addition, these comparisons suggest that different genes determine natural variation for the flowering response to photoperiod in these two species.
Contrary to rice, wheat and barley are LD species and show variation for the requirement of vernalization to induce flowering, which distinguishes winter and spring varieties. Two major effect interacting loci, VRN1 and VRN2, determine this response and have been recently isolated (Table 1) . VRN2 encodes ZCCT1, a putative transcription factor containing a CCT domain present also in the CO family of proteins. This locus identified a novel gene since the ZCCT subfamily of proteins is specific of grasses (Yan et al., 2004a) . VRN1 encodes another transcription factor of the MADS box family that is an orthologue of Arabidopsis AP1 . VRN2 shows analogous function to FLC because it behaves as a floral repressor whose expression is down-regulated by vernalization. In addition, VRN2 suppresses the expression of VRN1, which behaves as an activator of flowering that is upregulated by vernalization. Loss-of-function alleles of VRN2 produced by a single aminoacid substitution or an entire gene deletion have been found in einkorn wheat varieties with spring life habit. In contrast, most spring varieties of different wheat species with functional VRN2 alleles, carry independent deletions or insertions in a promoter region of VRN1 that might be recognised by VRN2 or by VRN2 regulated proteins (Table 1) . Such dominant spring VRN1 alleles with promoter changes probably lack VRN2 mediated regulation, leading to a gain of function by constitutive expression. Comparison of wheat and Arabidopsis shows that different genes cause natural variation for the vernalization re-sponse in these species, suggesting that temperate grasses and Arabidopsis developed different molecular pathways to regulate flowering in response to low temperature (Yan et al., 2004a) .
At last, flowering variation has been also genetically dissected in maize, another grass that similar to rice, is an overall facultative SD species showing considerable flowering variation in relation to photoperiod. More than 22 crosses have been used in QTL mapping studies and a comparative meta-analysis of these populations has estimated an unforeseen high number of 62 different consensus QTLs (Chardon et al., 2004) . Nevertheless, none of these loci has been isolated yet, but only several molecular polymorphisms in coding and non-coding regions of the Dwarf8 gene have been associated with flowering time variation (Thornsberry et al., 2001) . Dwarf8 is orthologous of Arabidopsis GAI and spontaneously arisen gain or altered function Dwarf8 alleles have strong effect on flowering and plant stature (Peng et al., 1999) . However, to know if the natural allelic variation present in cultivated varieties cause flowering differences await demonstration.
Comparisons of the results obtained in these two divergent plant families show that the flowering responses to photoperiod and vernalization within each species are modified by allelic variation at different genes. The analysis of variation for both environmental flowering responses in distinct species identifies orthologous proteins with partly different function as well as unrelated proteins with analogous function. These results suggest that the regulation of flowering by similar environmental factors has been partly acquired through different genes and molecular mechanisms in diverged species. This distinct genetic structure is expected to be a major factor constraining differently the most recent natural modifications of plastic responses within each family and species.
Variation for other morphological traits
Natural variation for other developmental traits has been also analysed molecularly in Arabidopsis and cultivated species. Three morphological subjects have been mainly addressed: seedling emergence, modifications of plant architecture and changes in inflorescence or flower morphology.
Seedling emergence and root growth in Arabidopsis
When seeds germinate in darkness, seedling development is etiolated, which is distinguished by the elongation of the embryonic shoot (hypocotyl) and the folding of the embryonic leaves (cotyledons). This skotomorphogenic morphology is presumed to facilitate soil penetration and it is restrained by the light induced deetiolation. Photomorphogenic seedling development is characterised by inhibition of hypocotyl elongation and promotion of cotyledon expansion. This is affected by red (R), far-red (FR) and blue (B) lights and considerable genetic variation has been found among Arabidopsis wild genotypes for these plastic responses to different lights (Maloof et al., 2001) . QTL mapping analyses in an experimental population derived between two accessions differing in light responses show that variation for hypocotyl and cotyledon development was affected by distinct loci (Botto et al., 2003) . Hence, the various components of photomorphogenesis have been naturally modified through mutations at different genes with specific developmental effects. Currently, three loci affecting deetiolation have been isolated by different approaches and all have identified novel rare alleles of three major classes of photoreceptors: the red light photoreceptors PhyD and PhyA and the blue light photoreceptor CRY2 (Table 1) . A loss-of-function deletion of PhyD reduces the R light mediated hypocotyl length inhibition. In contrast, gain-of-function alleles caused by aminoacid substitutions at PhyA and CRY2 increased the stability of both proteins under particular light regimes and affect different light regulated responses (El-Assal et al., 2001; Maloof et al., 2001) . The novel PhyA allele altered hypocotyl length response to FR light due to changes in the photochemical and kinase properties of PhyA protein. In contrast, the new CRY2=EDI allele increased the B light mediated hypocotyl length inhibition but also increased the cotyledon unfolding mediated by FR pulses, even in the absence of blue light (Botto et al., 2003) . As described above, PhyD and CRY2 affected also flowering time, suggesting that these natural photoreceptor alleles might also affect other light-mediated plastic responses like shade avoidance. In addition, the CRY2 allelic variation shows pleiotropic effects on other apparently unrelated developmental traits such as fruit size and the number of ovules and seeds per fruit (El Assal et al., 2004) .
On the other hand, variation for root morphology has been also studied in Arabidopsis (Malamy, 2005) . A major effect QTL affecting root length named as BREVIS RADIX (BRX ) has been recently isolated leading to the identification of a novel family of putative transcription factors (Mouchel et al., 2004) . BRX controls root growth by affecting cell proliferation and cell elongation apparently, in an environment independent manner. A unique loss of function allele generated by a nonsense mutation has been found so far, but it will be very interesting to encounter other natural dysfunctional alleles of BRX.
Modifications of plant architecture in domesticated plants
Plant architecture has been dramatically modified during domestication and the subsequent improvement of many crop species. The molecular basis of some of these modifications has been recently identified in maize, wheat and tomato. Domestication of maize from its wild progenitor teosinte 5000-10000 years ago was characterised by increased apical dominance and reduced number of lateral branches; sexual transformation of the inflorescences at the tips of primary branches from male to female; and emergence of the polystichous and naked grained inflorescences with synchronised maturation (Iltis, 1983; Doebley, 2004) . These modifications led to the rapid development of a highly productive and extremely easily harvestable new species unique for human nutrition. Several of these morphological differences are controlled by a major effect QTL, which was shown by genetic complementation to correspond to the TEOSINTE BRANCHED1 locus (TB1 ). TB1 has been isolated and encodes a TCP domain transcription factor that regulates developmental arrest of lateral meristems and sexual identity of secondary inflorescences (Doebley et al., 1997; Cubas et al., 1999b) . TB1 is over-expressed in maize compared to teosinte indicating that a regulatory change occurred between both species, although the functional polymorphism(s) remain unknown (Wang et al., 1999) . Extensive sequencing in the TB1 genomic region has defined a selective sweep area spanning the 60-90 kbs 5´ to the transcribed region, which shows reduced genetic diversity in maize compared to teosinte. Thus, selection has operated on regulatory sequence(s) that might be located more distant than the presumed promoter region (Clark et al., 2004) . In addition, another locus involved in the modification of plant architecture during maize domestication, QTL 3L, has been recently speculated to correspond to the BA1 gene encoding a transcription factor that regulates the expression of TB1 (Gallavotti et al., 2004) . This is supported by BA1 sequence analysis and by the genetic interaction between QTL 3L and TB1 to regulate lateral branch development.
Striking morphological changes in plant architecture have been also recently selected for the improvement of wheat achieved during the "green revolution" taking place in the 1960s and 1970s. New bread wheat varieties were developed by selecting dwarf plants with reduced internode and leaf elongation, which increased grain yield and resistance to wind and rain damage. These modifications were caused by spontaneous mutations at the RhtB1 or RhtD1 loci that qualitatively reduced the responses to the plant hormone gibberellin. Both genes behave as growth repressors and are orthologues of the Arabidopsis GAI and maize Dwarf8 genes encoding putative transcriptional regulators involved in gibberellin sensitivity (Peng et al., 1999) . Dwarfing selected alleles are dominant and carry nonsense substitutions that encode truncated proteins. Such strong developmental modifications are still being selected and illustrate the most recent events in wheat domestication. On the other hand, a comparable natural allele has been found in the phylogenetically distant species Vitis vinifera. The grapevine cultivar Pinot Meunier developed in the 1500s appeared as a chimeric genotype that is heterozygous for this dominant allele in the L1 layer but not in L2 cells (Boss and Thomas, 2002) . Interestingly, VvGAI effects on flowering and plant stature are only visible in non-chimerical plants regenerated from the L1 layer but not directly in Pinot Meunier plants.
Several other spontaneous mutations with multiple qualitative pleiotropic effects on plant architecture have been characterised in cultivated species but they do not contribute substantially to the phenotypic diversity present among cultivated or natural genotypes and therefore, to our broad view of natural variation. We will only describe the Mouse ears (Me ) mutant of tomato isolated in the 1950s because it illustrates another molecular mechanism to naturally modify plant development. Me is a dominant allele showing reduced apical dominance, altered inflorescence architecture and increased leaf compoundness (Chen et al., 1997; Parnis et al., 1997) . All these effects are due to overexpression of Tkn2, a Knox transcriptional regulator (Table 1) . It has been shown that the Me gain-of-function allele was generated by duplication of a house keeping gene encoding a phosphofructokinase (PFP ) and its fusion to the 5´end of Tkn2. Thus, a PFP-Tkn2 hybrid transcript with different expression pattern is generated by a new combination of different coding and regulatory genomic modules.
Changes in inflorescence and flower morphology of cultivated plants
Inflorescence and flower morphology have been often modified in cultivated species and the molecular bases of some changes have been established in cauliflower, wheat, barley and Linaria vulgaris (Table 1) .
Morphological selection during Brassica oleracea domestication led to distinct subspecies such as B. oleracea ssp botrytis (cauliflower) and B. oleraceae ssp italica (broccoli). These are characterised by an indeterminate and undifferentiated growth of reproductive meristems. This phenotype has been associated with a single nonsense mutation found in the MADS box gene CAL of both subspecies (Kempin et al., 1995; Purugganan et al., 2000) . However, though this mutation is almost fixed in these subspecies, it has been also found in other non-cauliflower like subspecies. Therefore, this mutation is not sufficient to produce the cauliflower phenotype. Another natural loss of function CAL allele has been found in the related species Arabidopsis, the function of Arabidopsis CAL in inflorescence development being partially redundant with AP1 (Kempin et al., 1995) . Hence, mutations in other MADS box related genes probably contribute to the cauliflower phenotype of B. oleracea.
A major morphological change during wheat domestication is the squared headedness and free-threshing phenotype of the spikes that facilitates grain harvest. This phenotype is mainly controlled by the Q locus, which pleiotropically affects several other floral traits of agronomical interest. The Q allele present in cultivated varieties of bread wheat is partly dominant, while null alleles behave similar to the q alleles of hulled non-free-threshing wild wheats. Detailed fine mapping and sequencing have identified an AP2 like gene as a likely candidate for Q (Faris et al., 2003) .
Another floral modification of recent natural origin is caused in barley by the Hooded mutation. A single dominant allele produces the development of an extra flower at the transition between the lemma and the awn (Muller et al., 1995) . This distinct allele appeared only once at the end of the 18th century in the Himalaya region but spread world-wide since then. Hooded encodes the homeobox transcription factor BKnox3, its transcript being overexpressed from the Hooded mutant allele. Sequence association analysis showed that a duplication of 305 bps in the 4th intron is the cause of the gain of function, probably due to transcriptional regulatory elements present within that region (Santi et al., 2003) . Interestingly, this barley epiphyllous flower formation from the lemma bract contrasts with the phenotype observed in Me tomato mutants, which shows again the differential effects of homologous genes in different species.
Finally, the classical naturally occurring peloric mutant of the wild species Linaria vulgaris shows transformation of the flower symmetry from bilateral to radial. This striking change has been shown to be due to a loss-of-function mutation at Lcyc, a homologue of the Anthirrhinum CICLOIDEA gene encoding a TCP transcription factor that controls dorsoventral asymmetry (Cubas et al., 1999a and 1999b) . The peloric allele shows transcriptional silencing but no significant Lcyc DNA sequence polymorphism was found. Instead, peloria was associated with heavy methylation of Lcyc coding and regulatory regions. This transformation demonstrates the role of epigenetic mutations as another molecular mechanism to generate natural variation.
Molecular targets of plant developmental selection: gene position within networks and polymorphism location within genes
Construction of a descriptive catalogue of nucleotide functional polymorphisms that determine naturally occurring modifications of plant development is a first step to infer the molecular mechanisms involved in the evolution of development. The studies reported in Table 1 provide such a preliminary functional inventory within wild and domesticated species. However, several aspects limit the conclusions that may be currently drawn.
First, there is a reduced number of known polymorphisms and they are heterogeneous in terms of species, traits and relative effects of the mutations. Second, most current molecular studies have been performed in cultivated species where developmental modifications are derived from human selection under cultivation environments. Third, developmental differences have been molecularly studied only in one wild species, Arabidopsis thaliana. However, the effects of Arabidopsis variation on fitness and adaptation and the contribution of natural selection to this diversity may only be presumed.
Despite these limitations, a few conclusions can be inferred in relation to two important questions on naturally occurring intraspecific variation and the evolution of plant development: 1) what functional classes of genes are modified; 2) how those genes are changed, i.e., which are the intragenic regions targeted presumably by selection, the coding or the regulatory modular segments (Doebley and Lukens, 1998) . From a simple working perspective, molecular networks can be considered build up of hierarchical genetic pathways, which consist of sensors of signals (endogenous and environmental), primary and secondary signal transducers, transcriptional regulators and non-regulatory target effectors or structural genes. As shown in table 1, most of the polymorphisms presently reported affect transcriptional regulators. Thus, the analysis of intraspecific variation (and among closely related species) supports Doebley and Lukens (1998) proposition that transcriptional regulatory genes will be predominantly modified for the evolution of novel plant morphologies. Nevertheless, functional polymorphisms are also found in genes involved in environmental signal perception, like the Arabidopsis light photoreceptor genes CRY2, PhyA and PhyD, or in signal transduction, such as the rice genes Hd3a (related to mammalian membrane associated proteins) and Hd6 (encoding a protein kinase). All these genes participate in the quantitative regulation of flowering, although not in the developmental process itself but in its environmental and temporal regulation. Therefore, modification of the environmental regulation of plastic traits may be achieved at different levels in developmental pathways. Such quantitative plasticity adds an extra layer in the molecular networks, probably distinguishing plant and animal development. In addition, polymorphisms have been also found in the putative signal transduction gene FW2.2 involved in tomato fruit size and in enzyme encoding genes like SBEI, CHS or the invertase Brix9-2-5, affecting pea seed form, soybean seed colour, or tomato fruit sugar composition respectively (Table 1) . Thus, different classes of genes are naturally targeted to change plant morphology and other developmental traits. Further understanding of target gene preferences within developmental networks requires a deep knowledge of the molecular organization of particular plant networks. These should integrate the precise position(s) of every molecular component and input signal, as well as their interactions (Cork and Purugganan, 2004; Tonsor et al., 2005) .
On the other hand, functional polymorphisms can affect either the coding region (altering protein structure) or the cisregulatory non-coding segments of genes (leading to changes in transcript expression). Barely more than 50% of the intraspecific developmental polymorphisms identified so far involve protein coding regions, while the remaining polymorphisms imply regulatory changes altering gene expression. No obvious preference of intragenic location is observed for quantitative or qualitative effect polymorphisms, though most studied loci show large effect. However, polymorphisms on transcriptional regulator genes affect slightly more often their expression, whereas most polymorphisms on other genes affect protein structure. Again, current results from the analysis of intraspecific variation provide certain support to Doebley and Lukens (1998) postulation that there will be an overrepresentation of cis -regulatory changes in transcriptional regulators during the diversification of plant form among species. Nevertheless, protein structure polymorphisms are also frequently found in transcriptional regulators (BRX, Ehd1, OVATE, RhtB1 ) as well as some gene expression changes in other gene functional classes (FW2.2, Hd3a, I locus) ( Table 1 ). Most regulatory mutations appear located in the 5´ regions of genes, probably affecting promoter or enhancer DNA motifs. However, polymorphisms in regulatory introns have been also found for some alleles of FLC and Hooded. On the other hand, most of the polymorphisms identified in coding regions are predicted to generate truncated proteins but polymorphisms altering protein sequence and properties are rather common (Table1). Furthermore, polymorphisms affecting both coding and regulatory regions are also contributing to within species developmental diversity as shown by the entire gene deletions of VRN2 and FLW1.
From a mutational point of view, single nucleotide missense and nonsense substitutions are the commonest source to generate the naturally occurring variation analysed (CRY2, PhyA, Ehd1, Hd6, BRX, OVATE and Brix9 ). Small deletions also contribute to produce truncated proteins (FRI and PhyD ). However, gene expression is mainly altered dramatically by small deletions in promoter regions (FRI, VRN1, I locus) or by larger deletions (FLW1 and VRN2 ). More complex polymorphisms strongly affecting gene expression are produced by changes in promoter regions through either tandem duplication of a particular region (I locus), a duplication and fusion from another chromosomal region (Me ), or by a TE insertion (VvmybA1 ). Alternatively, large gene expression modifications have been produced by mutations within regulatory introns such as duplications or TE insertions. All these deletion and insertion events might be generated by replication or recombination errors, or could be associated to transposition of TE elements. Interestingly, duplications of endogenous genes (I locus; Tuteja et al., 2004) or transposons (FLC ; Liu et al., 2004) may both lead to siRNAs mediated silencing, which points to a common mechanism to generate genetic variation by duplications. Finally, naturally occurring silencing has been also produced by an epigenetic change like DNA methylation (Lcyc ; Cubas et al., 1999a) .
As expected, the mutational mechanisms that naturally cause the genetic diversity that is maintained within species are also found in comparisons among species. However, these few examples cannot provide information on the role of factors constraining the molecular polymorphisms that are maintained intra-and interspecifically, such as: 1) features of the molecular network specifically regulating each developmental process and its plasticity; 2) relative phenotypic effects of the polymorphisms; 3) genome characteristics, including gene content, chromosomal organization and gene family distribution; 4) the different acting human or natural selective forces. To this end, a much broader, systematic and detailed inventory of molecular functional polymorphisms is challenged.
Future prospects: genomic approaches in a functional ecological and evolutionary context
The analysis of natural variation in Arabidopsis and in cultivated species is providing an unprecedented knowledge of the molecular mechanisms involved in plant domestication and adaptation through developmental modifications. However, current studies are limited because they are mostly single gene and single trait analyses, performed in a limited number of species and mostly studied outside their natural environmental context. Expansion of several aspects in the research of intraspecific developmental diversity will help to overcome these limitations:
1) The analysis of variation in wild species is required to understand the evolution of plant development (Doebley and Lukens, 1998) . This involves including other model wild species besides Arabidopsis, such as Medicago, Mimulus, Aquilegia or Selaginella, where transgenesis and other functional tools necessary to test candidate polymorphisms will soon be available.
2) Genomic approaches will efficiently increase the catalogue of natural functional nucleotide polymorphisms (Feder and MitchellOlds, 2003) . Intraspecific genomic comparative analyses at the levels of DNA sequence, transcriptome, proteome, metabolome and methylome are expected to provide a large amount of potential functional polymorphisms (Borevitz and Ecker, 2004) . Detection of relevant polymorphisms will be facilitated by including population genetics tests (Feder and Mitchell-Olds, 2003) . Genomic approaches will also allow testing the combinatorial effects of natural polymorphisms to find substantial genetic interactions and emergent properties.
3) Detailed phenotypic analyses are needed at the cellular and organism level to identify small effect QTLs and their underlying polymorphisms and to estimate the extent of pleiotropy. Distinction of pleiotropy versus close linkage awaits further attention to evaluate if genes accounting for developmental variation at related traits are organised in the same genomic region. This is illustrated with the study of several floral polymorphisms associated with mating systems in tomato species, which are controlled by the se2.1 locus (Chen and Tanksley, 2004) . Fine mapping of se2.1 indicates that five closely linked genes are differentially involved in style length, stamen length and dehiscence, suggesting that se2.1 might corresponds to a coadapted gene complex. 4) Relevant developmental traits need to be addressed in an ecological context including the environmental factors that affect trait expression as well as those factors through which natural and/or artificial selection operated (Tonsor et al., 2005) . For instance, comparative studies of the natural intraspecific variation existing throughout the environmental distribution range of a species may provide clues on the adaptive significance of developmental modifications and on the evolutionary mechanisms maintaining this variation. This is illustrated with the analysis of natural FRI and FLC polymorphisms of Arabidopsis in relation to its latitudinal distribution (Caicedo et al., 2004; Stinchcombe et al., 2004) .
Systematic analyses of the molecular mechanisms determining natural intraspecific developmental variation in multiple species will enable broader comparative analyses. The mechanisms involved in analogous developmental modifications within different species might be compared to study genome constrains for adaptation. In parallel, similar genomic comparative analyses of developmental diversification among wild (closely and distantly related) plant species in relation to important environmental factors will extend the study of evolution of development to a macro-evolutionary level (Cronk, 2001; Feder and Mitchell-Olds, 2003) . Ultimately, comparison of the molecular mechanisms involved in intra-and interspecific developmental diversification will provide an integrated functional perspective of the continuous evolution of plant development.
